We calculate the differential branching fractions and angular distributions of the rare decays B 0 → K * 0 µ + µ − and B 0 s → φ µ + µ − , using for the first time form factors from unquenched lattice QCD. We focus on the kinematic region where the K * or φ recoils softly; there the newly available form factors are most precise and the nonlocal matrix elements can be included via an operator product expansion. Our results for the differential branching fractions calculated in the Standard Model are higher than the experimental data. We consider the possibility that the deviations are caused by new physics, and perform a fit of the Wilson coefficients C9 and C 9 to the experimental data for multiple
We calculate the differential branching fractions and angular distributions of the rare decays B 0 → K * 0 µ + µ − and B 0 s → φ µ + µ − , using for the first time form factors from unquenched lattice QCD. We focus on the kinematic region where the K * or φ recoils softly; there the newly available form factors are most precise and the nonlocal matrix elements can be included via an operator product expansion. Our results for the differential branching fractions calculated in the Standard Model are higher than the experimental data. We consider the possibility that the deviations are caused by new physics, and perform a fit of the Wilson coefficients C9 and C 9 to the experimental data for multiple B 0 → K * 0 µ + µ − and B 0 s → φ µ + µ − observables. In agreement with recent results from complementary studies, we obtain C9 − C SM 9 = −1.0 ± 0.6 and C 9 = 1.2 ± 1.0, whose deviations from zero would indicate the presence of non-standard fundamental interactions.
Decays involving the transition of a bottom quark to a strange quark are highly suppressed in the Standard Model. Contributions from non-standard interactions could therefore be significant, causing observable changes in the decay rates and angular distributions. The search for such discrepancies is one of the most important routes to discovering what might lie beyond our current model of fundamental particle physics, and complements efforts to directly produce non-standard particles. Because of quark confinement, the b → s transitions are being observed with hadronic initial and final states. Among the cases that have been measured experimentally [1] , the decay B → K * + − , (where is an electron or muon) is proving to be particularly powerful in looking for physics beyond the Standard Model [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The LHCb Collaboration recently published new precision measurements of the decay B → K * µ + µ − , and one of the observables shows a significant deviation from the Standard Model predictions [14] . There is currently an intense effort to understand this discrepancy, which could be a manifestation of new physics [15] [16] [17] [18] [19] [20] [21] [22] . Previous calculations of the matrix elements that relate the underlying b → s interactions and the hadronic observables are reliable only in the kinematic region of high recoil (large K * momentum in the B rest frame), and consequently it was in this region that a discrepancy was found. In the low-recoil region, numerical lattice QCD computations must be performed. We recently completed the first unquenched lattice QCD calculation of the form factors that parametrize the hadronic matrix elements relevant for B → K * + − and B s → φ + − [23] . In this Letter, we investigate the consequences of using these results in combination with experimental data. We find that hints of deviations from the Standard Model are present also in the low-recoil region, and a better fit of the data is obtained by allowing non-standard interactions consistent with those suggested to explain the aforementioned anomaly at high recoil.
At hadronic energy scales, b → sγ and b → s + − transitions can be described using an effective Hamiltonian of the form [24] [25] [26] [27] [28] [29] [30] [31] 
where O
( ) i
are local operators and C
are the corresponding Wilson coefficients, encoding the physics at the electroweak energy scale and beyond. The operators
where F µν is the electromagnetic field strength tensor, give the leading contributions to the decays we will discuss in this work. The operators O The utility of the decay B → K * (→ K π) + − is that all six Dirac structures in Eqs. (2-4) have nonzero matrix elements, and the angular distribution can be used to disentangle them. In the narrow-width approximation [32, 33] , the kinematics of the quasi-four-body decaȳ B 0 →K * 0 (→ K − π + ) + − is described by four variables: the invariant mass of the lepton pair, q 2 , and the three angles θ , θ K * , φ, defined here as in Ref. [2] . In this approximation, the general form of the decay distribution
where the coefficients I . Normalized CP averages and CP asymmetries of the angular coefficients are then defined as follows [2] :
The experiments actually yield results for binned observables S , given by the ratios of q 2 -integrals of numerator and denominator in Eq. (6) .
The observables S 4,5,7,8 and the ratios
(note the different indices on the left-hand and righthand sides) have recently been measured for the first time by the LHCb Collaboration in the decayB 0 →K * 0 (→ K − π + )µ + µ − (and its CP-conjugate) [14] . The ratios (7) are designed to reduce hadronic uncertainties at low q 2 [36] . For P 5 , a significant discrepancy between the LHCb result and the Standard-Model prediction of Ref. [37] was found in the bin 4.30 GeV 2 ≤ q 2 ≤ 8.68 GeV 2 [14] . In Ref. [15] it was suggested that this discrepancy, as well as some smaller deviations in other observables, can be explained by a negative new-physics contribution to the Wilson coefficient C 9 ; specifically, C 9 = C ≈ −1.5. The authors of Ref. [16] performed global fits of the latest experimental data in multiple b → s decay channels, allowing various subsets of the Wilson coefficients to deviate from their respective Standard-Model values. Allowing two Wilson coefficients to deviate, the biggest reduction in χ 2 was obtained for
Such large effects in C 9 and C 9 can arise in models with flavor-changing neutral gauge bosons (Z ) in the few-TeV mass range [15-17, 19, 20] , and in models that generate new four-quark operators of scalar and pseudoscalar type [21] . Extractions of Wilson coefficients from the experimental data require knowledge of the matrix elements of the operators O ( ) i in nonperturbative QCD. The analyses discussed above are based on calculations of the B → K * matrix elements using light-cone sum rules [38] [39] [40] and QCD factorization [41] . These calculations are limited to the low-q 2 (high recoil) region. On the other hand, the experiments cover the entire kinematic range 4m 
In the narrow-width approximation, theB
− decay amplitude can be written in terms of theB 0 →K * 0 µ + µ − decay amplitude as explained in Ref. [32] . This amplitude takes the form
with the local hadronic matrix elements
and the nonlocal hadronic matrix element 
(See also Ref. [43] for an alternative version of the OPE.) In Eq. (13), the O
given by Eqs. (3.9) and (3.10) of Ref. [4] .
The matrix elements K * |sΓb |B (and analogously for B s → φ) in Eqs. (10), (11) , and (13) can be written in terms of the seven form factors V , A 0 , A 1 , A 12 , T 1 , T 2 , and T 23 [23] . We describe the dependence of the form factors on q 2 using the simplified series expansion [44] . The corresponding parameters were obtained by fitting the lattice QCD data, and are given in Tables VII -XI of Ref. [23] . The matrix elements of the dimension-4 operators in Eq. (13) have not yet been calculated in lattice QCD, and we will neglect this term. This introduces a small systematic uncertainty of order α s Λ/m b ∼ 2% [42] .
We take the Standard-Model values of the Wilson coefficients C 1,2,...,10 , calculated at next-to-next-to-leadinglogarithmic order, from Ref. [2] . Following the same reference, we set α s (m b ) = 0.214, m c (m c ) = 1.3 GeV, and m b (m b ) = 4.2 GeV. We evaluate the electromagnetic coupling at µ = m b , corresponding to α = 1/133, which minimizes higher-order electroweak corrections [45] . We take the hadron masses from the Particle Data Group [46] and use the mean life times τ B 0 = 1.519 (7) are expected to be close to zero in the Standard Model). The shaded bands in Fig. 1 indicate the total theoretical uncertainty, originating from the following sources: the statistical/fitting and systematic uncertainty in the form factors [23] , an estimated 2% uncertainty in the values of the Wilson coefficients C i [49] , the uncertainties in the B 0 and B 0 s meson mean life times, the uncertainty in |V tb V * ts |, and an estimated additional 5% systematic uncertainty in the vector amplitude (A µ + T µ ) in Eq. (9), which is introduced by the truncation of the OPE and duality violations [42, 43] . Note that S-wave pollution is expected to be negligible at large q 2 [50] . In Fig. 1 from LHCb [52] and CDF [53] . For the B 0 → K * 0 µ + µ − branching fraction, we averaged the results from LHCb [51] , CMS [54] , and CDF (bin 1 only, due to different upper q 2 limit in bin 2) [53] . For A F B and F L , we additionally included the ATLAS results [55] in the average. Our binned theoretical results are given in Table I and are also shown in Fig. 1 .
We find that our Standard-Model results for the differential branching fractions of both B 0 → K * 0 µ + µ − and B 0 s → φ µ + µ − are about 30% higher than the experimental data. Note that for B 0 s → φ µ + µ − , a higher-thanobserved differential branching fraction was also found using form factors from light-cone sum rules [39] (see Fig. 3 of Ref. [52] ) and from a relativistic quark model [56] . In the high-q 2 region considered here, our results for the observables F L , S 5 , P 5 , and A F B are in agreement with experiment. For the B 0 → K * 0 µ + µ − observables S 3 , S 4 , and P 4 , we see deviations between the LHCb data and our results in bin 1, in agreement with Refs. [16, 18] .
To study the possibility of new physics in the Wilson coefficients C 9 and C 9 , we performed a fit of these two parameters to the experimental data above q 2 = 14.18 GeV 2 , keeping all other Wilson coefficients fixed at their Standard-Model values (and assuming C 9 , C 9 ∈ R). We included the observables dB/dq
We fully took into account the correlations between our theoretical results for different observables and different bins. The best-fit values are
and the likelihood function is plotted in Fig. 2 . The dashed curves in Fig. 1 show the observables evaluated at the best-fit values. To investigate how much the uncertainties in Eq. (14) are influenced by the theoretical and experimental uncertainties, we performed new fits where we artificially eliminated or reduced different sources of uncertainty. In particular, setting all form factor uncertainties to zero results in C NP 9 = −0.9 ± 0.4, C 9 = 0.7±0.5, and raises the statistical significance for nonzero (C NP 9 , C 9 ) from 2σ to 3σ. Reducing instead the experimental uncertainties can have a more dramatic effect, because some of the angular observables already have very small theory uncertainties compared to the current experimental uncertainties.
Our result (14) is in remarkable agreement with the result (8) of the fit performed in Ref. [16] , which did not include the B 0 s → φ µ + µ − data. Equation (14) is also consistent with the value C NP 9 ∼ −1.5 obtained in Ref. [15] , and with the very recent Bayesian analysis of Ref. [22] . As expected [16, 18] , the new-physics scenario (14) does not remove the tension seen in bin 1 for S 4 /P 4 . Nevertheless, the fit (14) significantly improves the overall agreement with the data, reducing the total χ 2 by 5.7 and giving χ 2 /d.o.f. = 0.96. We also performed a fit of the experimental data for all observables in bin 2 only, which gives A major concern about the calculations is the possibility of larger-than-expected contributions from broad charmonium resonances above the ψ(2S). In the B + → K + µ + µ − differential decay rate, the LHCb Collaboration recently reported sizable peaks associated with the ψ(3770) and ψ(4160) [57] . Note that the OPE which we use to include cc effects [Eq. (13) ] is expected to describe only q 2 -integrated observables (in the high-q 2 region) [43] . To test the robustness of our analysis, we added Breit-Wigner amplitudes with the masses and widths of the ψ(3770) and ψ(4160) [58] to T 9 (q 2 ), and included their complex-valued couplings as nuisance parameters. We constrained the magnitudes of these couplings to allow the ratios of the purely resonant and nonresonant contributions to the differential decay rates at q 2 = m 2 ψ(3770) and q 2 = m 2 ψ(4160) to be as large as in Fig. 1 of Ref. [57] , but we left the phases unconstrained. A fit of C NP 9 , C 9 in the presence of these nuisance parameters gives C NP 9 = −1.1 ± 0.7, C 9 = 1.2 ± 1.1; the significance for nonzero (C NP 9 , C 9 ) gets reduced to 1.4σ. We stress that adding Breit-Wigner amplitudes is modeldependent and corresponds to a double counting of the cc degrees of freedom. A better understanding of the resonant contributions from first-principles QCD is needed.
